ABSTRACT. Maternal and fetal plasma ovine placental lactogen (oPL), insulin, and IGF-I levels were measured in response to the starvation and refeeding of pregnant sheep on two defined planes of nutrition. Chronically catheterized pregnant ewes were placed on either a high plane (n = 5) or low plane (n = 5) of nutrition at least 1 wk before the experiment. At 125 to 135 d gestation, the ewes were starved for 72 h and then an i.v. infusion of 10% glucose was administered over 4 h, followed by refeeding at the designated nutritional plane. Plasma oPL levels of fetuses whose mothers had been on a high plane of nutrition were significantly higher during starvation ( p < 0.05) than those of fetuses whose mothers had been on a low plane (high + 0.54 f 0.17 and low -0.02 f 0.17 nmol/L from mean control levels). Intravenous glucose infusion to the ewes at the end of starvation caused a marked rise in fetal plasma oPL levels in both groups (increments of 2.61 f 1.4 nmol/ L in the high group and 2.81 + 1.16 nmol/L in the low group). Maternal oPL levels did not differ significantly between the two nutritional groups during starvation and did not change during glucose infusion. Fetal and maternal plasma IGF-I levels both fell during starvation. Maternal IGF-I levels fell faster in the high group (-17.9 f 4.5 at 24 h versus -4.7 f 7.2 nmol/L in the low group), but the groups were not different at the end of starvation. There were significant differences ( p < 0.05) in maternal and fetal plasma insulin levels between the two groups during starvation. The fall in maternal and fetal plasma insulin was greater in the high group (fetal -0.13 f 0.06 and maternal -0.25 f 0.13 nmol/L) versus the low group (fetal -0.01 f 0.01 and maternal -0.02 + 0.08 nmol/L). These observations demonstrate that preexisting maternal nutritional status affects oPL responses to acute starvation and that oPL may have a role in metabolite partitioning between mother and fetus. (Pediatr Res (31: 520-523,1992) Abbreviations PL, placental lactogen oPL, ovine placental lactogen PL is found in both the maternal and fetal circulations (1). PL may have a role in the supply of carbohydrates to the fetus through its lipolytic actions (2, 3) and the induction of insulin resistance in the mother (4). However, an antibody neutralization study by Waters el al. (5) questions any role PL may have in
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Insulin and IGF have long been considered to have either permissive or regulatory roles in promoting fetal growth (7). Placental lactogen, IGF, and insulin are likely to interact in the regulation of fetal growth. For example, an in vitro study (8) has demonstrated a releasing action of both IGF-I and insulin on PL in human term placental explants. Insulin and PL also act in a synergistic fashion to promote glycogen synthesis (9) and inhibit glycogenolysis in fetal rat hepatocytes (10). Similar specific actions of oPL on glycogen synthesis in the fetal ovine liver have been reported, and the possibility of specific oPL receptors has been suggested ( 1 1 ).
Most investigations into the role of PL in pregnancy have concentrated on actions in the maternal compartment. Conflicting data are reported on the effects of nutrition on maternal oPL secretion. For example, in one study, starvation for 72 h was reported to have little influence on maternal PL levels (12). However, in other sheep studies using a similar period of starvation or longer term nutritional restriction caused an elevation in both maternal and fetal PL levels by 40 to 50% (13). Two early studies in humans (14, 15) and a later study in rats (16) report significant increases in maternal oPL levels after 72 h of starvation. Freemark el al. (17) demonstrated that fetal oPL increased significantly after a 3-d period of maternal starvation. However, such studies have generally ignored the potential confounding influence of the long-term nutritional status of the mother in determining the response to nutritional deprivation.
Because the existing nutritional status of a mother may affect both fetal and maternal PL levels, and in view of the potential role of PL in the regulation of fetal growth, we investigated the influence of the prior nutritional status of the mother on fetal PL responses to acute changes in maternal nutrition.
MATERIALS AND METHODS
Ten Coopworth/Border cross-bred ewes were acclimatized to feeding regimens and laboratory conditions at least 1 wk before surgery. Five ewes were placed on a high plane of nutrition, i.e. over 1600 g of feed concentrates per day (NRM Multi-Feed Sheep Nuts, Auckland, New Zealand) and five ewes were placed on a low plane of nutrition, less than 500 g of concentrates per day. Ad libitum feeding with barley straw of very low nutrient value was provided for bulk. At 1 18 to 123 d gestation, polyvinyl catheters were surgically inserted with the ewes under halothane anesthetic, into the tarsal veins and arteries of both fetal hind legs and the carotid artery and jugular vein of the mother. After surgery, the ewes were allowed at least 5 d to recover during which time they continued their specific feeding regimens.
The experimental protocol consisted of a 2-d control period followed by 3 d of maternal starvation. The starvation was i20 NUTRITIONAL REGUI ,ATION OF FETAL OPL 52 1 terminated on the 3rd d by an i.v. 500-mL, 4-h infusion of 10% dextrose to the mother (1 8), followed by a 2-d period of refeeding on the previous nutritional plane. Blood sampling was performed daily in the morning before normal feeding time and in the afternoon 8 h later. On the 3rd d of starvation, an additional sample was taken after the completion of the dextrose infusion. Previous studies in our laboratory have shown little diurnal variation in fetal oPL concentrations. Blood samples were collected in sterile heparinized syringes and centrifuged at 4"C, and the plasma was stored at -20°C until RIA for oPL, IGF-I, and insulin. Experimental protocols were approved by the institutional animal ethics committee.
For the oPL RIA, recombinant oPL (a gift of Dr. R. Vandlen, Genentech, South San Francisco, CA) was iodinated by a modification of the lactoperoxidase method (1) and the 1251-oPL was then purified by exclusion gel chromatography on a Sephadex G-100 column (90 x 1.1 cm; Pharmacia, Uppsala, Sweden) using 0.05 M barbitone, pH 8.6, as the eluting buffer. The incubation volume was 500 pL, and a rabbit anti-oPL antiserum (RASPL# 1) was used at a final concentration of 1: 150 000. This antiserum had been raised to a purified preparation of oPL (1 9). The assay consisted of a 48 h preincubation period at 4°C in which 300 pL of the antibody mixture was added to tubes containing 100 pL of standard or sample diluted in assay buffer. The tracer, diluted to 100 pL/tube (25 000 cpm), was then added, and the incubation continued for another 24 h at room temperature. Free and bound tracer were separated by the addition of sheep anti-rabbit gamma globulin, normal rabbit serum, and polyethylene glycol 6000. The minimal detectable dose was 0.05 ngltube, half displacement was achieved at 0.6 ngltube, the intraassay coefficient of variation was 5.1%, and the interassay coefficient of variation was 9.7%. Values are expressed in terms of recombinant oPL (batch no. 1 1380177, Genentech).
Plasma IGF-I was measured by RIA (20) using rabbit antiserum to recombinant human metIGF-I (87814) at a final titer of 1: 150 000. The antiserum has a cross-reaction with IGF-I1 of (0.1 %, a minimal detectable dose of 0.06 ngltube, and a half displacement dose of 0.40 ngltube. Before immunoassay, plasma samples were subjected to acid-ethanol cryoprecipitation extraction. Using this system, the intraassay coefficient of variation was 5.0% and the interassay coefficient of variation was 9.8%. Plasma IGF-I concentrations are expressed in terms of World Health Organization reference standard IRRIGF-I batch 8715 18 (National Institute for Biological Standards and Control, Potters Bar, Hertz, UK). The full validation of this assay system for fetal and adult sheep plasma has been reported (20).
Plasma insulin was assayed as described previously (2 1) using guinea pig anti-ovine insulin antiserum (GC4) at a titer of 1:200 000. The cross-reactivity with IGF-I and IGF-I1 was less than 0.01%. The intraassay coefficient of variation was 6.7%, and the interassay coefficient of variation was 11.5%.
Hormone values are expressed as means f SD. The interanima1 variation of PL levels in this study, and as reported in other studies (13, 22), was high, so the data from the nutritional manipulations was normalized relative to the control values (four samples taken over 2 d) of each animal before comparisons were made between groups. Hormone concentrations were compared between the two nutritional groups using two-way analysis of variance with repeated measures, and differences at each point during starvation were compared using factorial analysis of variance with Sheffe's correction for multiple comparisons. Hormone concentrations during starvation and refeeding were evaluated using absolute data and analysis of variance with Sheffe's correction. Significant differences were accepted at the 5% level.
RESULTS
During the control period, fetal oPL levels in the high nutrition group tended to be lower than those from the low nutrition group (Table 1) but the difference did not reach significance. During the maternal fast, fetuses whose mothers had been on a high plane of nutrition had plasma oPL levels significantly higher ( p < 0.05) than those whose mothers had been on a low plane of nutrition (Fig. 1) . Maternal i.v. dextrose infusion caused a rapid increase in fetal plasma oPL levels in both groups, although only the increase in the low nutrition group reached statistical significance ( p < 0.05). Fetal oPL levels remained high during the following 40 h of maternal ad libitum refeeding in both groups.
Maternal oPL levels during the control period were not significantly different between the two nutritional groups. During starvation, maternal plasma oPL tended to be higher in the low nutrition group (Fig. 1) but the difference did not reach statistical significance. There was no change in maternal plasma oPL after maternal glucose infusion, but after ad libitum refeeding the difference between the groups decreased.
Placental weight was not strongly correlated (? = 0.24, p < 0.05) with maternal plasma oPL levels, but placental weight was close to significant difference ( p < 0.06) between the two groups.
Fetal weight was not significantly different between groups.
Fetal plasma IGF-I concentrations were not significantly different between the two nutritional groups during the control period. During maternal starvation, fetal IGF-I levels fell in both groups, although the change reached statistical significance only in the low nutrition group (Fig. 2 , Table I ).
Maternal plasma IGF-I during the control period (Table 1) was lower in the low nutrition group ( p < 0.05). During starvation, maternal IGF-I levels fell in both groups, but the fall was more rapid in the high nutrition group (Fig. 2 , Table 1 ). During the refeeding phase, there was a gradual increase toward control IGF-I levels in both groups (Fig. 2 , Table 1 ). Fetal and maternal plasma insulin levels were not different between the two groups during the control period and fell gradually during starvation. This fall was more rapid in the high nutrition group, so that both fetal and maternal insulin levels were significantly lower ( p < 0.05) in the high nutrition group than in the low nutrition group during the early phase of maternal starvation (Fig. 3) . Maternal infusion of dextrose caused a marked increase in plasma insulin levels in both fetus and mother, which was followed by a return to control values during refeeding (Fig. 3, Table 1 ).
DISCUSSION
This study demonstrated that prior maternal nutritional status influenced the fetal plasma oPL response to maternal starvation. The reason for the difference between the nutritional groups is unclear.
In the mother, oPL is postulated to protect fetal substrates through preferential induction of lipolysis (2) . The relatively high oPL levels seen in fetuses from well-nourished mothers during starvation could suggest that the hormone is functioning in a similar fashion in the fetus. In the fetuses from poorly nourished ewes, it is possible that a similar response did not occur or was delayed. Alternatively, the number of fetal oPL receptors may differ in the two nutritional groups. It has been reported that fetal oPL receptors are reduced in number after 72 h of maternal fasting in sheep (17). In the current study, after a similar period of starvation, a reduction in the number of fetal oPL receptors could be associated with an increase in fetal plasma oPL levels in fetuses from well-nourished mothers. If in fetuses from undernourished mothers the oPL receptors had been down-regulated before the period of starvation, compensatory increases in fetal plasma oPL would be unlikely.
The acute rise in fetal plasma oPL seen during maternal infusion of dextrose was not expected. Indeed, the opposite effect might have been expected, given that PL may have a substratereleasing action postnatally (2) . However, in human term placental explants, physiologic concentrations of glucose had a releasing action on PL secretion (23) . Recent in vitro studies also demonstrated that PL acts in synergy with insulin to promote glycogen 522 OLIVER ET AL. synthesis (9) and inhibit glycogenolysis (10) in fetal rat hepatocytes. Similarly, in human term placental explants in vitro, IGF-I and insulin induce an increase in PL content in culture medium (8). The large increases in fetal oPL and insulin seen in the current study after the dextrose infusion may reflect these actions in vivo.
The large variation in the maternal levels of oPL between animals has been reported previously (12, 13), and it is likely to be representative of varying placental size and, therefore, nutritional status at the time of placental implantation and growth. However, in this study there was little correlation between maternal oPL and placental weight, even though placental weight was close to being significantly different between the two groups. In the mother, it has often been reported (12, 22) that plasma oPL varies considerably in the individual animal over time, apparently showing no clear rhythm, so this has the effect of masking any changes in hormone levels in response to various experimental manipulations. From our experience, this is not so in the fetus. However, during starvation the trend toward different maternal plasma oPL responses between the two groups was consistent with that seen in the fetus.
There was no maternal plasma oPL response after dextrose infusion, even though maternal plasma insulin showed a significant increase, suggesting that the functional relationship between glucose, insulin, and PL differs in the adult and the fetus. Other studies in the pregnant ewe, however, demonstrated that maternal oPL secretion increases after the infusion of other metabolic substrates such as some amino acids (24, 25) and HDL (26).
The relationship between maternal nutritional status and levels of circulating IGF-I has been reported previously in sheep (19), and the maternal IGF-I results presented here are consistent with
